this study evaluated the relationship of insulin resistance (IR) and glycemic control status to the presence and severity of coronary artery disease (CAD) according to diabetes. the relationship of IR parameters including homeostatic model assessment of IR (HoMA-IR), triglyceride-glucose (tyG) index, and triglyceride-to-high density lipoprotein cholesterol ratio (TG/HDL), and hemoglobin A1C (HbA1C) level to CAD and obstructive CAD was evaluated in 5,764 asymptomatic subjects who underwent coronary computed tomographic angiography. Non-diabetics (n = 4768) and diabetics (n = 996) were stratified into four groups based on the quartiles of HOMA-IR and the TyG index and were grouped based on the TG/HDL cut-offs of 3.5, respectively. CAD and obstructive CAD were defined as the presence of any plaques and plaques with ≥50% stenosis, respectively. The prevalence of CAD (59.0% vs. 39.0%) and obstructive CAD (15.0% vs. 6.6%) was higher in diabetic than in non-diabetic patients (p < 0.001, respectively). In non-diabetic patients, the adjusted odds ratio for both CAD and obstructive CAD significantly increased, but only with higher TyG index quartiles. Unlike non-diabetics, the adjusted odds ratio for obstructive CAD significantly increased in diabetic patients with a TG/HDL level ≥ 3.5. The HbA1C, rather than IR parameters, was independently associated with both CAD and obstructive CAD in diabetics. In conclusion, among IR parameters, tyG index was independently associated with the presence of CAD and obstructive CAD in non-diabetic patients. In contrast, the glycemic control status, rather than IR, was importantly related to both CAD and obstructive CAD in established diabetic patients.
model assessment of insulin resistance (HOMA-IR) was developed as a more convenient way to measure IR and has been used widely. Recently, both the triglyceride-glucose (TyG) index and triglyceride (TG)-to-high density lipoprotein cholesterol (HDL) ratio (TG/HDL) have been suggested as new ways to measure IR 11, 12 . Therefore, in the present study, we evaluated the relationship of the HOMA-IR, TyG index, TG/HDL, and hemoglobin A1C (HbA1C) level with the presence of CAD and obstructive CAD according to diabetic status in asymptomatic 7,129 subjects using non-invasive coronary computed tomographic angiography (CCTA).
Methods study population. A total of 9,269 self-referred, consecutive subjects aged ≥ 20 years underwent CCTA for general health examination at the Asan Medical Center between January 2007 and December 2011. Among these subjects, 7,129 took part in this study. We excluded subjects with (1) a previous history of angina or myocardial infarction (n = 336); (2) abnormal electrocardiographic findings including a pathologic Q wave, ischemic change of ST segments or T wave, and left bundle branch block (n = 205); (3) structured heat disease (n = 49); (4) insufficient medical records (n = 670); (5) history of percutaneous coronary intervention (n = 5); (6) history of open heart surgery (n = 5); (7) history of cardiac procedures including atrial septal defect device closure (n = 4), percutaneous mitral valvuloplasty (n = 2), permanent pacemaker (n = 2), patent ductus arteriosus device closure (n = 1), and patent foramen ovale (n = 1); and (8) renal insufficiency (n = 1). Finally, 5,764 subjects were enrolled. All participants were stratified into four groups based on their HOMA-IR and TyG index quartiles and into two groups according to their diabetic status, based on a TG/HDL cutoff point of 3.5, which is well-known to be highly correlated with IR 12, 13 . The cutoff values for the HOMA-IR and TyG index quartiles in non-diabetic patients and diabetic patients are described in Supplementary Table 1 . We extracted data on the participants' medical histories from their responses to a systemized self-reported questionnaire. Hypertension was defined as systolic blood pressure more than 140 mmHg or diastolic blood pressure more than 90 mmHg, previous diagnosis of hypertension, or anti-hypertensive medication. Hyperlipidemia was defined as a total cholesterol level more than 240 mg/dL or anti-hyperlipidemic treatment. Diabetes was defined as a fasting glucose more than 126 mg/ dL, HbA1C more than 6.5%, or antidiabetic medications 14, 15 . The protocol of present study was approved by the institutional review board of Asan Medical Center. All methods were performed in accordance with the relevant guidelines and regulations.
Clinical measurements.
Weight and height were measured during the subjects wore light clothing without shoes. The body mass index was calculated as weight (kg)/height (m 2 ). Blood pressure of the right arm was measured using an automatic manometer after resting for at least more than 5 minutes. After the participants fasted overnight, blood samples were collected and analyzed in the central laboratory. The measurement of total cholesterol, TG, HDL cholesterol, and low-density lipoprotein cholesterol levels was performed with an enzymatic colorimetric method, using a Toshiba 200FR Neo (Toshiba Medical System Co., Ltd., Tokyo, Japan). Fasting glucose levels were measured with an enzymatic colorimetric method using a Toshiba 200 FR auto-analyzer (Toshiba). HbA1C levels were measured with ion-exchange high-performance liquid chromatography (Bio-Rad Laboratories, Inc., Hercules, CA, USA). All measurements of enzyme activities were performed at 37 °C. The Acquisition and analysis of CCTA images. CCTA was performed using dual-source CT (Somatom Definition, Siemens, Erlangen, Germany) or single-source 64-slice CT (LightSpeed VCT, GE, Milwaukee, WI, USA). Subjects with an initial heart rate more than 65 bpm received an oral dose of 2.5 mg of bisoprolol (Concor, Merck, Darmstadt, Germany) 1 h before the CT examination, if beta blockers were not contraindicated. Prospective electrocardiography-triggering mode or the retrospective electrocardiography-gating mode with electrocardiography-based tube current modulation was used in CT scanning. Two puffs (2.5 mg) of isosorbide dinitrate (Isoket spray, Schwarz Pharma, Monheim, Germany) were used before contrast was injected. The injection of 60-80 mL of iodinated contrast (Iomeron 400, Bracco, Milan, Italy) was done at a dose of 4 mL/s, followed by a 40 mL of saline flush during CCTA. A standard scanning protocol was used, and the tube voltage and current time were adjusted according to the body size as following: 100 or 120 kVp tube voltage; 240 to 400 mAs per rotation (dual-source CT); and 400 to 800 mA (64-slice CT) tube current. All CCTA images were analyzed by specialized CV radiologists (DHY, JWK, and THL) with a workstation (Volume Wizard, Siemens; or Advantage Workstation, GE). According to the Society of Cardiovascular Computed Tomography guidelines, a 16-segment coronary artery tree model was used. Plaque was defined as structures > 1 mm 2 within or adjacent to the lumen. Plaque with calcified tissue involving more than 50% of the plaque area (density > 130 HU) were classified as calcified, plaque with less than 50% calcium were classified as mixed, and plaque without calcium were classified as non-calcified lesions. The contrast-enhanced portion of the coronary lumen was semi-automatically traced at the maximal stenotic site, and this value was compared to the mean value of the proximal and distal reference sites. Stenosis more than 50% was defined as obstructive. CAD was defined as the presence of any plaques, and obstructive CAD was defined as the presence of obstructive plaques. statistical analysis. Continuous variables are expressed as the mean ± standard deviation. Categorical variables are presented as absolute values and proportions. One-way analysis of variance or Student's t-test was used for continuous variables, as appropriate. The χ 2 test or Fisher exact test was used for categorical variables, as appropriate. A univariate logistic regression analysis was performed for identifying the association between clinical variables and coronary atherosclerotic parameters. A multivariate logistic regression analysis was used to identify the independent impact of the IR parameters and HbA1C level on CAD and obstructive CAD. The forced-entry method was used to enter independent variables into the multivariate regression analysis. All statistical analyses were performed using the Statistical Package for the Social Sciences, version 19 (SPSS, Chicago, IL, USA), and a p-value < 0.05 was considered significant for all analyses. ethics approval and consent to participate. The protocol of present study was approved by the institutional review board of Asan Medical Center, and informed consent was obtained from each participant.
Results
Baseline characteristics. Table 1 shows the clinical characteristics of participants according to their diabetic status. The mean age was 53.7 ± 7.7 years, and 4,214 (73.1%) were male. Age; body mass index; waist circumference; systolic and diastolic blood pressure; total cholesterol, TG, fasting glucose, TG/HDL, and HbA1C levels; HOMA-IR; and TyG index were significantly higher in diabetic patients than in non-diabetic patients. The incidence of male sex, hypertension, dyslipidemia, and current smoking status was significantly higher in diabetic patients than in non-diabetic patients. The HDL and low-density lipoprotein cholesterol levels were significantly www.nature.com/scientificreports www.nature.com/scientificreports/ lower in diabetic patients than in non-diabetic patients. Diabetic patients had significantly higher incidences of CAD (59.0% vs. 39.0%) and obstructive CAD (15.0% vs. 6.6%) than did non-diabetic patients (all p < 0.001). Additionally, the incidences of calcified plaque (44.5% vs. 26.9%), non-calcified plaque (25.0% vs. 16.2%), and mixed plaque (16.6% vs. 7.7%) were significantly higher in diabetic patients than in non-diabetic patients (all p < 0.001) ( Fig. 1 ).
CCTA findings according to IR parameters that were based on diabetic status. Table 2 shows the incidence of coronary atherosclerotic parameters that were based on the HOMA-IR, TyG quartile, and TG/ HDL cutoff value of 3.5 in non-diabetic patients and diabetic patients. In non-diabetic patients, the incidences of CAD and obstructive CAD were significantly different according to the HOMA-IR and TyG index quartile and TG/HDL cutoff value of 3.5. Furthermore, the incidences of calcified, non-calcified, and mixed plaque were significantly different among the HOMA-IR, TyG index, and TG/HDL groups. In contrast, the incidences of CAD and obstructive CAD in diabetic patients were significantly different in only the HOMA-IR quartiles. In diabetic patients, the incidence of calcified plaque (neither non-calcified nor mixed plaque) was significantly different according to the HOMA-IR quartile. Table 3 shows the result of the multivariate regression analysis of the relationship of the HOMA-IR, TyG index, and TG/HDL with coronary atherosclerosis according to the presence of diabetes. In non-diabetic patients, the risk of obstructive CAD was higher in HOMA-IR group IV (highest) than it was in group I (lowest). The risk of CAD was higher in TyG index groups III and IV than in TyG index group I, and that of obstructive CAD was higher in groups II, III, and IV than it was in group I. The risk of CAD was higher in patients with a TG/HDL level ≥ 3.5 than it was in those with a TG/HDL level < 3.5. In diabetic patients, the risk of obstructive CAD was higher in those with a TG/HDL level ≥ 3.5 than it was in those with a TG/HDL level < 3.5. The risk of CAD and obstructive CAD was not significantly different among the HOMA-IR and TyG index quartile groups. The result of the univariate logistic regression analysis of the association between clinical variables and coronary plaque according to diabetic status is described in Supplementary Table 2 . Table 4 shows the result of the multivariate regression analysis of the association between the HbA1C level and coronary atherosclerosis according to diabetic status. After adjusting for confounding clinical factors, we found that the HbA1C level did not have a significant association with the presence of CAD and obstructive CAD in non-diabetic patients. However, the HbA1C level was independently associated with an increased risk of CAD and obstructive CAD in diabetic patients.
Association between IR parameters and coronary atherosclerosis according to diabetic status.

Association between the HbA1C level and coronary atherosclerosis according to diabetic status.
Discussion
In this study, we investigated the relationship of IR parameters and glycemic status with the presence and severity of CAD according to the presence of diabetes in asymptomatic individuals, using CCTA. To our knowledge, this is the first study to investigate such a relationship. Based on our analysis, we found that the IR, especially TyG index, was independently associated with the presence of CAD and obstructive CAD in non-diabetic patients. In www.nature.com/scientificreports www.nature.com/scientificreports/ contrast, the HbA1C level, which is a marker of glycemic control, is more related to CAD and obstructive CAD in diabetic patients than IR parameters are. Thus, regarding the presence and severity of CAD, we could identify the significance of IR in non-diabetics and that of glycemic control in established diabetics in asymptomatic large population.
The significance of IR in the development of CAD is well established. Using the Archimedes model of dyslipidemia in diabetic patients, Eddy et al. reported that IR was the single most frequent cause of CAD 18 . The San Antonio Heart Study revealed there was an independent association between IR and the risk of CAD 19 . In the Bruneck study, Bonora et al. reported that IR was associated with symptomatic, subsequent CAD, irrespective of the traditional CV risk factors, in the general population 20 . A number of previous studies revealed that elevated IR was associated with an increased risk of CV events in non-diabetic patients [21] [22] [23] [24] . However, there has been conflicting evidence about the relationship between IR and the risk of CV events in established diabetic patients. The Veterans Affairs HDL Intervention Trial 22 and Verona Diabetes Complications Study 25 reported that the HOMA-IR was associated with an increased risk of future CV events. However, the UK Prospective Diabetes Study did not observe a significant relationship between the HOMA-IR and the risk of CV events 26 . Considering these results, it is important to identify the relationship between IR and the presence and severity of CAD in the general population according to whether diabetes is present.
Several surrogate markers of IR for predicting diabetes and CAD have been investigated in clinical practice. Traditionally, the HOMA-IR has been used to measure IR 27 . Moreover, several studies reported that a TG/HDL level ≥ 3.5 is highly correlated with IR and atherogenic dyslipidemia, and can predict diabetes 12, 13 . Recently, two studies reported that the TyG index is closely correlated with the HOMA-IR 28, 29 . Furthermore, other studies reported that the value of the TyG index to predict IR is better than that of the HOMA-IR 30, 31 . In the present study, www.nature.com/scientificreports www.nature.com/scientificreports/ the incidences of CAD and obstructive CAD were significantly higher in diabetic patients than in non-diabetic patients. In non-diabetic patients, only the TyG index was associated with an increased risk of CAD and obstructive CAD, after we adjusted for the traditional CV risk factors. However, no IR parameters were related to the increased risk of both CAD and obstructive CAD in diabetic patients. The HbA1C level was an independent risk factor of CAD and obstructive CAD in these subjects. This is consistent with the results of a recent long-term follow-up study emphasizing the significance of strict glucose control for reducing CV events in patients with established diabetes [7] [8] [9] [10] . This finding suggests that both IR and concomitant atherogenic dyslipidemia significantly influence subclinical coronary atherosclerosis in non-diabetic people 32, 33 , but the main mechanism of the development and progression of coronary atherosclerosis may be strongly linked to chronic exposure to hyperglycemia in patients with established diabetes 34, 35 .
Previous several studies evaluated the relationship of IR and glycemic status to CAD in symptomatic patients who referred to coronary angiography 5, 6 . However, there is a paucity of data on this issue in asymptomatic individuals. In clinical practice, it is hard to perform coronary angiography for evaluating coronary atherosclerosis in asymptomatic population because of its expensiveness and invasiveness. Recently, CCTA has been established as a novel non-invasive imaging tool that demonstrates high diagnostic accuracy for the detection of CAD and has an effective prognostic utility to predict major adverse cardiac events [36] [37] [38] [39] . Compared with previous studies, the present study has several strengths in that (1) various IR parameters were used and (2) the impact of IR parameters and glycemic status on coronary atherosclerosis according to the presence of diabetes was evaluated in asymptomatic large population using CCTA.
The present study has some limitations. First, it had a retrospective design and was based on healthy people who underwent a general health check-up examination. Thus, the results might be influenced by selection biases or unobserved confounders. Second, we could not eliminate the possible effects of medications on coronary atherosclerosis because of the observational design of the study. Third, our participants were exclusively Korean population. Therefore, it might be hard to generalize our findings to other ethnic groups. Finally, we did not investigate the relationship between IR parameters and the adverse characteristics of plaque, such as positive remodeling, low plaque attenuation and spotty calcification 40 . Despite the limitations of the present study, it is unique because we identified the relationship of IR parameters and glycemia with the presence and severity of CAD according to diabetes in a large sample of asymptomatic patients.
In conclusion, our data suggest that IR parameters, especially TyG index, is independently associated the CAD and obstructive CAD in non-diabetics. However, regarding the presence and severity of CAD, glycemic status is more related than the IR in established diabetics. These results could help clinicians understand the different association among IR, glycemia, and coronary atherosclerosis according to the presence of diabetes.
